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We demonstrate that reversible dephasing via inhomogeneous broadening can greatly reduce col-
lective quantum state rotation errors, and observe the suppression of rotation errors by more than
21 dB in the context of collective population measurements of the spin states of an ensemble of
2.1× 105 laser cooled and trapped 87Rb atoms. The large reduction in rotation noise enables direct
resolution of spin state populations 13(1) dB below the fundamental quantum projection noise limit.
Further, the spin state measurement projects the system into an entangled state with 9.5(5) dB of
directly observed spectroscopic enhancement (squeezing) relative to the standard quantum limit,
whereas no enhancement would have been obtained without the suppression of rotation errors.
Decoherence destroys entanglement, degrades preci-
sion measurement signals, and limits a wide range of co-
herent processes from lasing to operating quantum gates
[1, 2]. Therefore, most technologies relying on real or
synthetic atoms try to minimize decoherence resulting
from loss, relaxation, and inhomogeneous broadening.
Recently, however, specifically engineered forms of de-
coherence have been used to enhance certain processes.
Dissipative decoherence, for example, can remove infor-
mation from a system leading to stabilization of polar
molecules from lossy collisions [3] or generation of en-
tanglement [4–6]. Also, non-dissipative, reversible, de-
coherence in the form of inhomogeneous broadening can
be used to stabilize coherent operations allowing, for ex-
ample, storage of non-classical light signals [7], or as we
show in this Letter, insensitivity to errors in collective
quantum state rotations.
Precision measurements using one or many atoms re-
quire precise rotations of the atoms’ quantum state.
These rotations, achieved by applying a coherent field
at or near the atomic transition frequency, are used to
excite an atomic transition [8, 9], map the evolution of
a quantum phase into a measurable quantity [10, 11], or
simply transfer state populations for precision readout
[12]. Imperfections in these rotations lead to classical
uncertainty in the atoms’ quantum state, which can dom-
inate fundamental quantum uncertainty and limit preci-
sion measurements.
In this Letter, we propose and experimentally demon-
strate an approach to suppress rotation errors using re-
versible inhomogenous broadening, an alternative to the
composite coupling pulses that are often used to correct
state rotation errors [13–20]. We first theoretically show
how collective rotations of many qubits can be performed
with greatly reduced errors if controlled inhomogeneous
broadening of the transition is applied prior to the de-
sired rotation. We also show that collective coherence
is restored by reversal of the inhomogeneous broadening
after the rotation.
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FIG. 1. The reduced sensitivity of a dephased rotation to
a small rotation error is graphically represented on collective
Bloch spheres. A single representative Bloch vector prepared
in the xˆ− zˆ plane, along with the quantum uncertainty in its
position, is shown (red arrow and noise distribution). Each
sphere also has a series of colored lines denoting the tips of
Bloch vectors that are at a constant Jz in the initial con-
figuration. The original rings of constant Jz are shown in
parts (b-e) as thin black lines for reference. A small rotation
Ryˆ(pi/16) representing an error is applied without (b) and
with (c,d,e) dephasing. By reversibly dephasing the Bloch
vector to Cd = 0.14, the impact of the rotation is greatly re-
duced. Rotation errors that would otherwise dominate can
be supressed well below the fundamental quantum noise.
Next we apply dephased rotations in a specific exper-
iment, demonstrating a maximum suppression of techni-
cal noise of greater than 21 dB when rotating the internal
states of laser-cooled and trapped 87Rb atoms. Dephased
rotations aid the generation and observation of entan-
gled, spin-squeezed states with a directly observed en-
hancement in quantum phase estimation 9.5(5) dB below
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2the standard quantum limit for an unentangled ensemble,
one of the largest such enhancements in atomic systems
reported to date [21–25]. In the absence of any reversible
inhomogeneous broadening, either incidental or deliber-
ate, we estimate that little to no squeezing would have
been observed in this experiment due to imperfections in
the required quantum state rotations [26].
Dephased rotations are a general concept and could be
applied to a variety of applications, having several ad-
vantages over traditional composite rotation sequences.
Composite sequences rely on cancellation between the
errors of each individual rotation. However, cancellation
fails if the errors fluctuate on time scales comparable
to the time required for the composite pulse sequence.
Furthermore, increasing the rate of rotations to enhance
the correlation in errors may actually be detrimental de-
pending on the form of the noise spectrum [27]. Lastly,
composite pulses require precise control over the phase
of the coupling field, and the most effective composite
sequences require many pulses, increasing the time re-
quired for a measurement sequence. The approach pre-
sented here to a large degree avoids these requirements.
We note that intense efforts to apply composite pulses to
reduce rotation-added noise were largely unsuccessful in
our experiment.
We describe our system of N 2-level atoms as spin-
1/2 particles using a collective Bloch vector J = Jxxˆ +
Jy yˆ+Jz zˆ = Σ
N
i=1Ji, where the ith Bloch vector Ji = 〈Jˆi〉
is the expectation value of the quantum spin projection
operator for the ith atom. The zˆ projection of the col-
lective Bloch vector Jz ≡ J · zˆ = (N↑ −N↓) /2, is di-
rectly determined by measuring the number of atoms
in spin up N↑ and down N↓. Precision measurements
with 2-level systems are fundamentally limited by quan-
tum uncertainty in the angles describing the orientation
of the Bloch vector. This quantum uncertainty appears
as quantum projection noise (QPN) in the measurement
of the spin projection Jz. For unentangled atoms, the
rms fluctuation for a coherent spin state (CSS) with
J = N/2 xˆ is ∆Jz,QPN =
√
N/2. The projection noise
limits the estimate of the Bloch vector’s polar angle to an
rms uncertainty of ∆θSQL = 1/
√
N , the so-called stan-
dard quantum limit (SQL). Due to this scaling, states
with large N are desirable for precise phase estimation,
but in these states, classical rotation errors become more
challenging to reduce below the smaller SQL.
The rotation of the ith Bloch vector through angle
ψi about an axis nˆ is defined by the rotation matrix
Rnˆ(ψi). If the rotation is uniform (ψi = ψ for all i)
then the result is a rigid rotation in which the length
of the Bloch vector is conserved. The errors we wish
to suppress are those generated by uniform rotation er-
rors associated with the coupling field, in particular, an
arbitrary erroneous rotation through a small angle φ de-
scribed by Rnˆ(φ). The suppression of the rotation errors
will be achieved by introducing a brief, controlled inho-
mogeneous broadening of the energy difference between
|↑〉 and |↓〉 before and after the imperfect rotation. The
time-integrated effect of the broadening on the ith vector
is characterized by the non-uniform rotationRzˆ(ψi). The
amount of dephasing is quantified by the fractional reduc-
tion in the collective Bloch vector’s transverse projection
J⊥ ≡
√
J2x + J
2
y . Specifically, we define the transverse
coherence Cd = J⊥d/J⊥0, where the subscript d refers to
J⊥ after dephasing and 0 refers to J⊥ prior to dephasing.
In the present work, the inhomogeneous broadening will
be achieved through light shifts, but could also be real-
ized through magnetic fields or electric fields. Whatever
method is used, the key is that the dephasing must be
reversible: at a later time the opposite rotation can be re-
alized Rzˆ(−ψi) to fully or partially undo the dephasing.
Here the dephasing will be undone by using a pi-pulse
(e.g. Ryˆ(pi)) followed by identical inhomogeneous broad-
ening.
To theoretically show that dephased collective spin
vectors are protected from small rotation errors, we an-
alyze the rotation error of a nominal pi-pulse, with frac-
tional amplitude error  and detuning error δ of the ap-
plied coupling field from the atomic transition, that is
preceded and followed by dephasing steps. The final
Bloch vector after such a sequence is
JF = Σ
N
i=1Rzˆ(ψi)Rγˆ(β)Rzˆ(ψi)Ji0 , (1)
where the subscript F indicates a quantity after all rota-
tions.
The effective rotation angle is a function of both 
and δ and can be written β = pi
√
(1 + )2 + δ∗2 where
δ∗ = δ/Ω and Ω is the on resonance Rabi frequency of
the applied rotation. In the rotating frame of the ap-
plied field, the rotation axis depends on the detuning
error, γˆ ∝ Ωαˆ+ δzˆ. For an arbitrary initial Bloch vector,
the rotation axis αˆ = yˆ can be chosen without loss of
generality.
As an example, we assume that the inhomogeneous
phase rotation angles ψi are drawn from a Gaussian dis-
tribution with mean of zero and rms value σ. The re-
duction in transverse coherence due to the applied inho-
mogeneous broadening in this case is Cd = e
−σ2/2. The
complete sequence of applied broadening and imperfect
rotations can then be averaged over all atoms to compute
the final Bloch vector JF with solution,
 JxFJyF
JzF
 ≈ −
 Jx0(1− η2) + CdpiJz0Jy0(1− η2)− Cd2δ∗Jz0
Jz0(1− 2η2)− Cd(2δ∗Jy0 + piJx0).

(2)
where η2 ≡ pi22/4+δ∗2. We have assumed here that pi,
δ∗, and Cd  1, and neglected all terms of third order in
products of these quantities.
The key result is that all rotation errors that are first
order in pi and δ∗ are reduced by a factor Cd. The cost of
this error suppression is shortening of the Bloch vector,
but only at second order in the rotation error η. The
final transverse Bloch vector component CF = J⊥F /J⊥0
3is reduced as CF ≈ 1 − η2, and the zˆ projection of the
Bloch vector is reduced to JzF /Jz0 ≈ 1− 2η2.
Fig. 1 graphically demonstrates the reduced sensitivity
of an arbitrary CSS to a rotation about an axis on the
equator. The rings of constant color indicate the loca-
tion of the tips of the Bloch vectors with equal Jz at the
beginning of a rotation sequence (top left). Subsequent
steps indicate how these points are mapped to new posi-
tions due to rotations and dephasing, with the initial ring
locations shown in black for reference. The figure depicts
the effect of an error pi = pi/16, δ∗ = 0 rotation about
the y-axis with and without dephasing to Cd = 0.14, a
reasonable experimental value. Without dephasing, the
rotation error can cause angular deflections greater than
the representative quantum noise distribution (shown for
N = 120 for visual clarity). With dephasing, the ro-
tation error is greatly reduced, causing negligible error
compared to the quantum noise.
The dephased rotation scheme exhibits an additional
useful attribute for suppressing rotation errors in the
generation and manipulation of spin-squeezed ensembles.
Dephased rotations can significantly reduce the amount
of anti-squeezing projected into the low noise squeezed
quadrature by a rotation error. We show this theoreti-
cally in the Supplementary Material.
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FIG. 2. (a) The standing wave intensity of each beam is shown
inside the cavity (blue mirrors). The atoms are trapped at
antinodes of the 823 nm optical lattice (blue). The probe
laser at 780 nm (red dashed) and dephasing beam at 795 nm
(green dotted) cause dephasing due to their inhomogeneous
light shifts. We detect the phase of the probe light to infer N↑.
(b,c) The reduction in transverse coherence after dephasing
Cd (red and green squares) and rephasing CF (black circles) is
measured versus the average number of transmitted photons
from the probe beam (b) and dephasing beam (c).
We apply the proposed scheme to collective measure-
ments of N = 2.1 × 105 to N = 5 × 105 87Rb atoms
laser-cooled and trapped inside an optical cavity of fi-
nesse F = 660 (see ref. 21 for experimental details). The
atoms are tightly confined by a 1D optical lattice formed
by exciting a longitudinal TEM00 mode of the cavity with
wavelength λl = 823 nm. The atoms fill lattice sites long
the central 2 mm of the cavity. The spin system is de-
fined by hyperfine ground states |↑〉 = |F = 2,mf = 2〉
and |↓〉 = |F = 1,mf = 1〉. Coherent rotations between
these states are performed by applying microwaves at
the transition frequency 6.83 GHz. N↑ can be inferred
by measuring the dispersive frequency shift of another
TEM00 cavity mode tuned ≈ 200 MHz from resonance
with the optical transition between |↑〉 and an excited
state |e〉 = |F ′ = 3,mf = 3〉 on the 780 nm D2 line [21].
The probe light at λp = 780 nm that is used to measure
the cavity frequency shift and infer N↑ also creates an in-
homogeneous light shift that dephases the atoms. Since
the standing waves of the lattice and probe are incom-
mensurate (λp 6= λl), the atoms at different lattice sites
experience different light shifts from the probe, leading
to dephasing (shown in Fig. 2).
We can also apply an additional dephasing laser tuned
to resonance with yet another TEM00 longitudinal mode
of the cavity. This dephasing beam is detuned ≈ 50 GHz
from the 795 nm D1 optical transition and allows us to
modify the amount of dephasing without modifying the
signal to noise of the atom number probe or causing addi-
tional unwanted free-space scattering. The 795 nm beam
also serves to dephase the sub-class of atoms at lattice
sites that are at anti-nodes of the probe mode (see Fig.
2(a)). Because the atoms are tightly confined with re-
spect to the cavity axis, the same light shifts can be
applied at a later time. after a pi-pulse, to reverse the
applied phase shifts.
We can measure Cd due to dephasing from the probe
and dephasing lasers by first preparing a coherent spin
state along xˆ. We then apply either the probe or dephas-
ing laser for a varying amount of time, after which we
apply the rotation Rαˆ(pi/2) about a random axis αˆ lying
in the xˆ-yˆ plane. Lastly, we measure the number of atoms
N↑. When averaged over all rotation axes, the stan-
dard deviation of N↑ is proportional to Cd. In Fig. 2(b)
and (c), Cd and CF are plotted versus the average num-
ber of probe Mp and dephasing Md photons transmitted
through the cavity. For small Md the transverse coher-
ence only shows second order reduction (1−CF ∝M2d )),
due to the large detuning of the dephasing beam from the
optical transition. In contrast, for small Mp the trans-
verse coherence loss is linear (1 − CF ∝ Mp) due to the
higher probability of single-atom wave function collapse
from free-space scattering of probe photons.
In Fig. 3(a) we demonstrate reduced sensitivity to ro-
tation noise arising from environmental noise sources us-
ing our dephased rotation scheme. Data showing reduced
sensitivity to intentionally applied rotation errors can be
found in the Supplementary Material. In our experiment,
undesirable environmental rotation noise arises primarily
from microwave amplitude noise and frequency fluctua-
tions in the magnetic field-sensitive hyperfine transition.
To demonstrate a reduction in sensitivity to environmen-
tal noise sources, JzF is measured after a large even num-
4ber of pi-pulses. With increased dephasing, the rotation-
added noise can be reduced below QPN even after eight
pi-pulses.
We now show how dephased rotations can be used in
experiments to generate entangled, spin squeezed states
by making precise collective measurements of the spin
projection Jz. These experiments are treated in detail in
a related work [21]. Here we primarily emphasize the role
dephased rotations can play, enabling large reductions in
technical rotation noise and allowing resolution of the
spin projection far below the quantum projection noise
level. In our experiment, dephased rotations are highly
advantageous to composite pulse sequences because they
do not require any control of the applied rotation axis
and do not increase the duration of the measurement se-
quence, which would increase sensitivity to low frequency
noise.
To verify that the noise in Jz is below QPN, two
consecutive measurements of Jz, labeled Jz,p and Jz,f
must be correlated below ∆Jz,QPN . The degree of spin
noise compared to quantum projection noise is char-
acterized by the spin noise reduction R = [∆(Jz,f −
Jz,p)]
2/∆J2z,QPN , where ∆(Jz,f−Jz,p) is the standard de-
viation in the differential quantity Jz,f − Jz,p. The mea-
surement sequence for R is shown in Fig. 3(b). The spin
noise reduction has two contributions R = Rbck + Rrot.
One, Rbck, we attribute to measurement imprecision
of the experiment along with measurement back-action.
The other, Rrot, is rotation-added noise from the two pi-
pulses in the measurement sequence. We estimate Rbck
(black line in Fig. 3(c)) by performing the measurement
sequence of 3(b) without the pi-pulses. The experiment
is then repeated with the pi-pulses included, and any in-
crease in R is assigned as rotation-added noise Rrot.
In Fig. 3(c), the measured spin noise reduction and
measurement background are shown versus Mp (trans-
mitted probe photons in a single measurement window).
With the probe beam alone (i.e. Md = 0), the spin
noise reduction R (red data and fit) lies well above the
measurement background Rbck (black line). However,
when the additional dephasing is applied with strength
Md = 6.1(3)×106, the observed R (blue points and fit) is
improved to values very close to the measurement back-
ground.
Fig. 3(d) (inset) displays the inferred rotation-added
noise Rrot with and without the additional dephasing ap-
plied (blue and red lines respectively). The combined de-
phasing of the probe and dephasing beams allows a reduc-
tion of the rotation-added noise of greater than approx-
imately 21 dB compared to the original rotation noise
with no dephasing (i.e. Rrot ≈ 0 dBQPN when Mp = 0
and Md = 0) enabling up to R = 13(1) dB of spin noise
reduction below the QPN at 2.1× 105 atoms.
The rephasing nearly completely restores coherence,
as demonstrated in Fig. 2. As a result, the state gener-
ated after the premeasurement can be viewed as a deter-
minstically generated spin-squeezed state (i.e. no post-
selection), conditioned on knowledge of the measurement
(b)
(c)
(d)
(a)
Rotate:
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FIG. 3. (a) The rms noise in the measured spin projection
JzF , ∆JzF , after applying an integer number of pi-pulses is
displayed for three different amounts of applied dephasing,
quantified by Md. The contribution to ∆JzF due to finite
measurement resolution (i.e. ∆JzF at 0 pi-pulses) is sub-
tracted out. For Md = 0, a linear fit extracts the rotation-
added noise per pulse (red line). Predictions (green and black
bands) using Cd from Fig. 2 reasonably explain the reduction
in rotation-added noise with increased Md. All shaded regions
represent 68% confidence intervals. (b) Dephased rotations
are applied in a sequence designed to resolve spin populations
below QPN. N↑ is measured before and after a pi-pulse with
outcomes labeled N↑,p, N↓,p, N↑,f and N↓,f to determine the
spin noise reduction R. Both the 780 nm probe and 795 nm
dephasing beams are applied during each measurement of N↑
and N↓. (c) R is measured as a function of probe strength
Mp for Md = 6.1(3)×106 (blue data and fit) and Md = 0 (red
data and fit). All quantities are displayed in units of dB rela-
tive to QPN, dBQPN. The fit to the measurement background
Rbck is shown in black. (d) The rotation-added noise Rrot,
shown in the inset, can be inferred from the data of part (c).
Rrot with no dephasing is shown as a dashed line. Dephasing
can reduce Rrot by more than 21 dB.
outcome Jz,p on a given trial. After accounting for both
the degree of spin-noise reduction R and the loss of co-
herence CF , the optimum measurement sequence with
dephasing provides a directly observed enhanced phase
resolution 9.5(5) dB below the SQL. In contrast, with-
out any reversible dephasing, rotation-added noise would
5have precluded the observation of any enhancement be-
yond the SQL.
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1Reducing Collective Quantum State Rotation Errors with Reversible Dephasing:
Supplementary Material
I. REDUCTION OF APPLIED FREQUENCY AND AMPLITUDE ERRORS
The main text shows both experimentally and theoretically that dephasing reduces an ensemble’s sensitivity to
collective rotation errors arising from imperfections in the coupling field used for state manipulation. To gain intuition,
consider the case when the initial Bloch vector lies on the equator of the Bloch sphere (Jz = 0). In this case, the
length of the dephased Bloch vector Jd is reduced, by definition of Cd, to Jd = CdJ0. Since the length of the Bloch
vector is reduced by Cd, the possible change in the Bloch vector’s Jz projection due to a rotation must also be reduced
by Cd.
Fig. S1 demonstrates this reduced sensitivity to intentionally applied rotations representing amplitude and fre-
quency errors in the coupling field. Measurement sequences are shown at the bottom of Fig. S1. A pi/2-pulse
initializes the Bloch vector at the equator (black pulse). Dephasing is applied with a strength characterized by the
average number of photons transmitted through the cavity Md (yellow pulse). A rotation representing an error (either
amplitude (a) or detuning (b)) is applied, after which N↑ is measured by measuring the shift of the optical cavity
resonance frequency[21, 28]. From the measured N↑, we infer the z-projection of the final Bloch vector Jzf .
For part (a), the applied rotation is Rαˆ(ψ), where ψ is the arbitrary rotation amplitude, and αˆ is a random rotation
axis lying in the xˆ− yˆ plane of the Bloch sphere. Jzf (blue points) is plotted as a function of the applied amplitude ψ
for three different values of dephasing. The randomization of αˆ causes large scatter of Jzf over positive and negative
values. To compare with an expectation, we plot the average magnitude of the measured Jzf in red, and a prediction
based on the independently measured transverse coherence Cd from Fig. 2 of the main text is shown as a black line.
The envelope of the data decays linearly with Cd in reasonable agreement Eq. 2 in the main text and our intuitive
expectation.
To demonstrate the reduction in sensitivity to rotations for which the coupling field is detuned from the atomic
resonance frequency, we apply a nominal pi-rotation with variable detuning. The applied rotation is Rγˆ(pi
√
1 + δ∗2)
where γˆ ∝ Ωαˆ + δzˆ, and the azimuthal axis αˆ is randomized between each trial. δ∗ = δκ/2 is the detuning of the
coupling field from atomic resonance in cavity half-widths. In Fig. S1(b), Jzf (blue points) is plotted versus δ
∗ for
three different values of Md, and the average magnitude of Jzf (red points) are compared to a prediction (black line).
Just as with the amplitude errors, the magnitude of the deflections of Jzf scale linearly with Cd in good agreement
with the prediction.
II. DEPHASED ROTATION OF QUANTUM NOISE
When dealing with spin squeezed states, classical rotation errors can rotate the anti-squeezed quadrature of a
system into the measurement basis. This leads to additional noise above the noise in classical rotation errors primarily
considered in the main text. In this section, we treat this problem theoretically with a fully quantum mechanical
description of the spin state, instead of treating each spin as a classical vector as in the main text. We show that
dephasing protects squeezed noise distributions from rotation of the anti-squeezed spin projection into the originally
squeezed quadrature.
We assume for simplicity that there is an arbitrary initial state oriented along yˆ with a squeezed noise distribution
in Jˆz (and anti-squeezed in Jˆx). The state is subjected to a small rotation amplitude error of size pi around the
yˆ-axis which rotates the anti-squeezed spin projection into the z quadrature. The initial squeezed noise distribution
is characterized by the second order expectation value
〈Jˆ2z 〉0 ≡ 〈ψ0| Jˆ2z |ψ0〉 , (S1)
where |ψ0〉 describes the initial state. We wish to evaluate the noise distribution of Jˆz for the final state,
〈Jˆ2z 〉f ≡ 〈ψf | Jˆ2z |ψf 〉 , (S2)
where the final state |ψf 〉 can be written in terms of |ψ0〉 using the dephasing operator
Dˆ ≡
N∏
i
Rˆzˆ(θi) (S3)
2Measure
Time
(a) (b)
Measure
Time
FIG. S1. Reduction in sensitivity to amplitude and frequency rotation errors. (a) The ensemble is subjected to a rotation
with arbitrary amplitude ψ and equitorial rotation axis αˆ and zero detuning (measurement sequence shown below graph). The
resulting Jzf (blue points) are plotted versus amplitude of the rotation ψ for three different values of dephasing, characterized
by Md. At each amplitude the average magnitude of Jzf (red points) is compared to a prediction using the measured transverse
coherence from Fig. 2 (black line). (b) The ensemble is subjected to a rotation with aribitrary detuning δ∗ and azimuthal
rotation axis αˆ. The amplitude is constrained so that at zero detuning, the rotation is a pi-pulse. Jzf (blue points) are plotted
as a function of δ∗, again for three different values of dephasing, and the average magnitude of Jzf (red points) is in agreement
to a prediction from the measured transverse coherence (black line).
and rotation operator (around yˆ) Rˆyˆ(pi), |ψf 〉 = Dˆ†Rˆyˆ(pi)Dˆ |ψ0〉. For now, we do not need to specify a specific form
of dephasing (i.e. the inhomogeneous rotations θi). Using the dephasing and rotation operators, Eq. S2 becomes
〈Jˆ2z 〉f = 〈ψ0|D†Rˆyˆ(pi)†DˆJˆ2z Dˆ†Rˆyˆ(pi)Dˆ |ψ0〉 . (S4)
The rotation operators can be written in terms of single atom spin projection operators as, to second order in the
small parameter pi,
Rˆyˆ(pi) ≈
N∏
k
(Ik + ipiJˆyˆ,k − (pi)
2
2
Ik), (S5)
where Ik is the identity operator for the kth atom, and the collective spin projection operator Jˆyˆ can be written as a
sum over all atoms’ individual spin operators Jˆyˆ =
∑N
i Jˆi · yˆ. Using these definitions and single atom commutation
relations, we simplify Eq. S4 keeping to second order in ,
〈Jˆ2z 〉f = 〈Jˆ2z 〉0 + (pi)2〈Jˆ2x〉d − (pi)2〈Jˆ2z 〉0 + 2pi〈JˆzJˆx〉d. (S6)
The expectation values in the second and final terms (with subscript d) are calculated with respect to the dephased
state, |ψd〉 = Dˆ |ψ0〉. This equation is particularly useful because it gives the quantum noise rotation in terms of
measureable quantities for an arbitrary form of the dephasing.
For squeezed states oriented along yˆ with symmetry around xˆ and zˆ (generated, for example, by 2-axis twisting or
quantum non-demolition measurement [21, 29]) the final term in Eq. S6 is zero, giving
〈Jˆ2z 〉f = 〈Jˆ2z 〉0 + (pi)2〈Jˆ2x〉d − (pi)2〈Jˆ2z 〉0. (S7)
3This result shows that the back-action quadrature is introduced at order 2 through 〈Jˆ2x〉d instead of 〈Jˆ2x〉0. In the
limit of random Gaussian dephasing (as considered in the main text), 〈Jˆ2x〉d can be written,
〈Jˆ2x〉d = C2d〈Jˆ2x〉0 + (1− C2d)∆J2QPN . (S8)
In the limit of small and moderate dephasing, the standard deviation of the back-action quadrature that is rotated
into zˆ is reduced linearly with Cd (first term). However, for complete random dephasing, the back-action can only
be reduced to the quantum projection noise level for a CSS, ∆JQPN =
√
N/2 as seen by the second term. Applying
greater dephasing provides marginal returns when the two terms in Eq. S8 become equal. This occurs at a value of
Cd which we label C
′
d,
C ′2d =
1
1 + 〈Jˆ2x〉0/∆J2QPN
. (S9)
For a spin squeezed state with a large back-action quadrature, 〈Jˆ2x〉0  ∆J2QPN , more dephasing is required to reduce
〈Jˆ2x〉d, the dephased back-action projection, to near the QPN level.
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